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The Utility of Reptile Blood Transcriptomes in Molecular Ecology 
Abstract 
Reptiles and other non‐mammalian vertebrates have transcriptionally active nucleated red blood cells. If 
blood transcriptomes can provide quantitative data to address questions relevant to molecular ecology, 
this could circumvent the need to euthanize animals to assay tissues. This would allow longitudinal 
sampling of animals’ responses to treatments, as well as sampling of protected taxa. We developed and 
annotated blood transcriptomes from six reptile species. We found on average 25,000 proteins are being 
transcribed in the blood, and there is a CORE group of 9,282 orthogroups that are found in at least four of 
six species. In comparison to liver transcriptomes from the same taxa, approximately two‐thirds of the 
orthogroups were found in both blood and liver; and a similar percentage of ecologically relevant gene 
groups (insulin and insulin‐like signaling, electron transport chain, oxidative stress, glucocorticoid 
receptors) were found transcribed in both blood and liver. As a resource, we provide a user‐friendly 
database of gene ids identified in each blood transcriptome. Although, on average 37% of reads mapped 
to hemoglobin, importantly, the majority of non‐hemoglobin transcripts had sufficient depth (e.g., 97% at 
≥10 reads) to be included in differential gene expression analysis. Thus, we demonstrate that RNAseq 
blood transcriptomes from a very small blood sample (<10 >μl) is a minimally invasive option in 
non‐mammalian vertebrates for quantifying expression of a large number of ecologically relevant genes 
that would allow longitudinal sampling and sampling of protected populations. 
Keywords 
gene expression, RNAseq, non-mammal, nucleated red blood cells, lizard, snake 
Disciplines 
Ecology and Evolutionary Biology | Genetics and Genomics | Molecular Genetics | Population Biology 
Comments 
This is the peer reviewed version of the following article: Waits, D. S., D. Y. Simpson, A. M. Sparkman, A. M. 
Bronikowski, and T. S. Schwartz. "The Utility of Reptile Blood Transcriptomes in Molecular Ecology." 
Molecular ecology resources (2019), which has been published in final form at doi: 10.1111/
1755-0998.13110. This article may be used for non-commercial purposes in accordance with Wiley Terms 
and Conditions for Use of Self-Archived Versions. 
This article is available at Iowa State University Digital Repository: https://lib.dr.iastate.edu/eeob_ag_pubs/377 
This article has been accepted for publication and undergone full peer review but has not been through the 
copyediting, typesetting, pagination and proofreading process, which may lead to differences between this 
version and the Version of Record. Please cite this article as doi: 10.1111/1755-0998.13110
This article is protected by copyright. All rights reserved
1
2 DR. TONIA S SCHWARTZ (Orcid ID : 0000-0002-7712-2810)
3
4
5 Article type      : Resource Article
6
7
8 The Utility of Reptile Blood Transcriptomes in Molecular Ecology
9
10




15 1 Auburn University, Department of Biological Sciences, Auburn, AL  36849
16 2 Westmont College, Biology Department, Santa Barbara, CA  93108
17 3 Iowa State University, Ecology, Evolution and Organismal Biology Department, Ames, IA 50011
18 4 Corresponding Author: tschwartz@auburn.edu
19
20 Tonia Schwartz ORCID: 0000-0002-7712-2810
21 Amanda Sparkman ORCID: 0000-0002-3504-6426
22
23





This article is protected by copyright. All rights reserved
29 Reptiles and other non-mammalian vertebrates have transcriptionally active nucleated red blood cells. 
30 If blood transcriptomes can provide quantitative data to address questions relevant to molecular 
31 ecology, this could circumvent the need to euthanize animals to assay tissues. This would allow 
32 longitudinal sampling of animals’ responses to treatments, as well as sampling of protected taxa. We 
33 developed and annotated blood transcriptomes from six reptile species. We found on average 25,000 
34 proteins are being transcribed in the blood, and there is a CORE group of 9,282 orthogroups that are 
35 found in at least four of six species. In comparison to liver transcriptomes from the same taxa, 
36 approximately two-thirds of the orthogroups were found in both blood and liver; and a similar 
37 percentage of ecologically relevant gene groups (insulin and insulin-like signaling, electron transport 
38 chain, oxidative stress, glucocorticoid receptors) were found transcribed in both blood and liver. As a 
39 resource, we provide a user-friendly database of gene ids identified in each blood transcriptome. 
40 Although, on average 37% of reads mapped to hemoglobin, importantly, the majority of non-
41 hemoglobin transcripts had sufficient depth (e.g., 97% at 10 reads) to be included in differential gene 
42 expression analysis. Thus, we demonstrate that RNAseq blood transcriptomes from a very small 
43 blood sample (<10 l) is a minimally invasive option in non-mammalian vertebrates for quantifying 
44 expression of a large number of ecologically relevant genes that would allow longitudinal sampling 
45 and sampling of protected populations. 
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46 Introduction 
47 Transcriptomics using high-throughput sequencing technology is an efficient avenue to obtain 
48 both quantitative gene expression and sequence variation data to address a wide range of questions in 
49 molecular ecology. For quantitative gene expression, most studies utilize tissues, which may require 
50 euthanasia (especially for smaller animals), to generate sufficient quantities of high-quality RNA. 
51 Given the pervasiveness of blood throughout the body and its ability to serve as a system-level 
52 representative of health-status (Liew, Ma, Tang, Zheng, & Dempsey, 2006), the potential to take non-
53 lethal and minimally invasive blood samples for transcriptomics is an attractive alternative if it can 
54 provide sufficient and relevant data to address a given biological question. Transcriptomics from 
55 small blood samples would provide a non-lethal method for longitudinal sampling of the 
56 physiological state of an individual over time – days, seasons, and years. Additionally, being able to 
57 collect transcriptomes from blood would provide a means to assess genomic responses to 
58 environmental stressors in species of concern and sensitive populations where taking and euthanizing 
59 of the animals would be prohibited, but blood sampling is typically allowed (Ramstad, Miller, & 
60 Kolle, 2016). 
61 Despite these advantages, RNAseq blood transcriptomes have been underutilized for 
62 quantifying gene expression in molecular ecology, particularly in reptiles. We use reptiles to refer to 
63 the ectothermic lineages in Sauropsids that contains both endothermic (birds) and ectothermic 
64 (lizards, snakes, turtles, etc.) lineages. In contrast, blood transcriptomes have been highly utilized in 
65 biomedical studies and in agriculture and aquaculture. In humans and other mammals, only 
66 leukocytes have a nucleus and are transcriptionally active with over 80% of the genes overlapping 
67 with various other tissues (Palmer, Diehn, Alizadeh, & Brown, 2006). Blood transcriptomes have 
68 been extensively used as a diagnostic tool for immunology (Larsen et al., 2016; Liew et al., 2006; 
69 McLoughlin et al., 2014; Morey et al., 2016) and disease detection (S. Li, Todor, & Luo, 2016; Mohr 
70 & Liew, 2007). Because nucleated white blood cells are a relatively small proportion of the blood in 
71 mammals, large blood volumes are generally necessary for sufficient RNA for RNAseq analyses. 
72 Recently, Huang et al. (2016) demonstrated that a relatively small blood sample (80-100L) from bats 
73 could provide useful data, but this volume could be detrimental in very small animals as 
74 recommendations limit non-lethal blood sample to 10% of an animal’s body weight. Non-mammalian 
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75 vertebrates have nucleated red blood cells (erythrocytes) that are transcriptionally active (Chiari & 
76 Galtier, 2011), and the erythrocytes make up the majority of blood cells in the hematocrit. Thus, the 
77 non-mammalian blood containing both nucleated red and white blood cells functions similar to a 
78 tissue that has the potential to provide abundant RNA from a small blood sample and the potential to 
79 quantitively assay the response (to environmental or experimental challenge) of a larger set of genes 
80 and pathways than those limited to white blood cells. Although reptile transcriptomes from many 
81 tissues and many species have become abundant (see the reptilian transcriptomes database 
82 http://www.reptilian-transcriptomes.org/reptilian-transcriptomes/Database_v2.0.html), there are yet 
83 no blood transcriptomes in this database and rarely have there been studies that use blood for 
84 quantitative gene expression experiments.
85 The underutilization of RNAseq from blood samples for quantifying gene expression in 
86 molecular ecology could be due in part to a mammalian-centric bias in understanding the potential for 
87 nucleated red blood cells to provide sufficient RNA from a suitable subset of genes.  Additionally, the 
88 high expression of hemoglobin expressed in red blood cells has been viewed as a waste of sequencing 
89 reads if hemoglobin transcripts are not removed during library preparation, and the previous need for 
90 modified protocols to overcome the increased nuclease and protein content in blood could also have 
91 played a role in the avoidance of using blood in transcriptomics (Chiari & Galtier, 2011; Gayral et al., 
92 2011).
93 Given the technological advances over the past few years, we reevaluate the potential of non-
94 lethal nucleated red blood sampling for transcriptomic analysis via RNAseq to address questions in 
95 functional genomics and molecular ecology. We collected blood from six reptile species and 
96 developed and annotated the blood transcriptomes. We grouped the reptile sequences based on 
97 homology across taxa to identify a core set of genes expressed in reptile blood. In addition, we 
98 compared our dataset with three previously published reptile liver transcriptomes from McGaugh et 
99 al. (2015a) that overlapped with taxa in our blood transcriptomes. We did this comparison at two 
100 levels: (1) the unsupervised comparisons at the protein level to identify what genes are expressed 
101 unique to blood versus liver, and (2) the candidate pathway approach to assess the ability for blood 
102 transcriptomes to be used to address functional genomic and molecular ecology questions. 
103 Additionally, each transcriptome was characterized for metagenomic contamination of parasites. 
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104 Together, these analyses provide a realistic assessment, using standard blood RNA isolation and 
105 RNAseq protocols, of what utility reptile blood transcriptomes may have for pursuing functional and 
106 molecular ecology-based questions. We provide the blood transcriptomes with annotation and 
107 orthogroups, as well as a user friendly excel database listing the genes found in each transcriptome as 
108 a resource for researchers considering using blood transcriptomes to investigate which genes and 




113 Six reptile species (3 snakes, 2 lizards, and a turtle) were included in this study (Table 1) for 
114 development of blood transcriptomes. These were chosen based on reptile taxonomic diversity and 
115 interest to our research groups. Blood was taken using a heparinized needle (U-100 BD Micro-Fine™ 
116 IV Insulin Syringes 28 Gauge, 1 mL 12.7 mm (1/2")). For all animals <1% of body weight of blood 
117 was taken from the caudal vein in the tail (20 l to 300 l for these animals). Blood was either (1) put 
118 immediately into RNAlater (Ambion) (<1:5 ratio of blood to RNAlater) in a 2 ml screw-cap tube and 
119 kept on ice as would be typical in field settings until stored 4C, or (2) centrifuged (1000xG for 5 
120 min) to separate blood components, which were flash frozen in liquid nitrogen as plasma and red 
121 blood cells in 2 ml screw-cap tubes and stored at -80C as is common in laboratory settings. These are 
122 two approaches (RNAlater versus snap-freeze in liquid nitrogen) that are commonly used to preserve 
123 the RNA in tissue, and this study demonstrates that both produce high quality RNA and RNAseq data 
124 when used on blood. Typically, the blood cell pellet (hematocrit) is approximately one half of the 
125 whole blood cell volume, thus 10 l of blood cells is obtainable from 20 l of whole blood. Typically, 
126 the blood cell pellet from reptiles is almost all red blood cells with a fine layer of white blood cells at 
127 the interface between the red blood cells and the plasma, and thereby is referred to as the red blood 
128 cell (RBC) pellet. All procedures were approved by the IACUC at the respective universities or 
129 agency of the individual collecting the sample. 
130
131 RNA Isolation 
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132 Blood that was in RNAlater was centrifuged at 1000xG for 5 minutes to pellet the RBC and the 
133 RNAlater was pipetted off. From either the snap-frozen RBC pellet or the RNAlater RBC pellet, we 
134 used 10l of pelleted blood cells for RNA isolation using the Ambion RiboPure Kit, with DNAse 
135 digestion as described by the manufacturer. Purified RNA was analyzed on a Bioanalyzer (Agilent) to 
136 validate the quality and to quantify RNA. From these 10 l of blood cells, we obtained between 4.5 
137 g and 8.9 g of RNA, far more than was needed for RNAseq. All samples had a RIN >7.5. 
138
139 RNA-seq Library Preparation and Sequencing
140 We sent 1 g of total RNA to the Heflin Genomic Center at the University of Alabama at 
141 Birmingham. Barcoded libraries were prepared using the Agilent SureSelect Stranded library kit 
142 (Agilent Technologies, Santa Clara, CA) as described by the manufacturers. Briefly, 100ng of total 
143 RNA was subjected to two rounds of poly A+ selection using oligo dT magnetic beads. The mRNA 
144 was randomly fragmented, and first strand cDNA synthesis was performed in the presence of random 
145 hexamers and 2.4ng/µL (final concentration) of Actinomycin D using standard techniques. After 
146 second strand synthesis was complete, the cDNA was adenylated and used in a ligation reaction to 
147 add primary adaptors for flow cell attachment with bar code information. The sequencing libraries 
148 were mixed to equal molar amounts and run on the Illumina HiSeq2500 using a Rapid Run flow cell 
149 with paired-end 100 bp sequencing reads, aiming for 20 million reads/sample. Following completion 




154 For comparison to our blood transcriptomes, we downloaded the liver transcriptomes from Dryad 
155 (McGaugh et al., 2015a) for two species that overlap with our blood transcriptomes (T. elegans, E. 
156 multicarinata) and a third species that shared a genus (Sceloporus undulatus) (Table 1).
157
158 Blood Transcriptome Assembly
159 The bioinformatic pipeline is represented in Figure 1. FASTQ files were assessed using FastQC 
160 (http://bioinformatics.babraham.ac.uk/projects/fastqc/) to assess quality control before cleaning. 
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161 Using Trimmomatic (Bolger, Lohse, & Usadel, 2014), low quality base pairs were removed from raw 
162 reads. To reduce biases, the first 10 base pairs of each read were removed from each read, and any 
163 sequences shorter than 30 base pairs were removed. Quality of the reads was assessed again using 
164 FastQC. Transcriptomic reads were de novo assembled using Trinity 2.2.0 (Haas et al., 2013) with the 
165 default parameters, we refer to this as the Raw Assembly. 
166
167 Metagenomic Contamination Screening
168 Contamination screening was performed on the contigs from each assembled blood transcriptome and 
169 the liver transcriptomes from McGaugh et al. (2015a). We used TransDecoder 
170 (https://github.com/TransDecoder/) to generate longest open reading frames and peptide files. We 
171 performed DIAMOND (Buchfink, Xie, & Huson, 2015) blastp searches against NCBI’s non-
172 redundant protein database (e-value cutoff of 1E-10) and sorted the resulting reports by bitscore, then 
173 e-value, then percent identity and isolated any sequences whose top hit matched to a non-vertebrate 
174 from the reports using a custom perl script. The contaminate non-vertebrate contigs were removed 
175 from the raw transcriptomes, and we refer to these as the “cleaned transcriptomes”. 
176
177 Reference Blood Transcriptomes
178 After removing the non-vertebrate sequences from the original blood transcriptome assemblies, the 
179 longest open reading frames were passed to the UCLUST algorithm implemented in usearch7 (Edgar, 
180 2010) to cluster the transcripts within each transcriptome using an identity threshold of 90%. 
181 Resulting centroids were kept as representative sequences for each cluster. These centroids from the 
182 cleaned-clustered assemblies we refer to as the Reference Blood Transcriptomes.
183
184 Functional Annotation
185 Both the raw and the reference transcriptome assemblies were annotated with the Trinotate annotation 
186 pipeline version 3.0.  (Bryant et al., 2017), which used TransDecoder to identify the longest open 
187 reading frame peptide candidates and compares them to Swiss-Prot (Bateman et al., 2017), PFAM 
188 (Finn et al., 2016), SignalP (Petersen, Brunak, Heijne, & Nielsen, 2011), TMHMM (Sonnhammer, 
189 von Heijne, & Krogh, 1998) databases. We also did custom BLAST searches (blastx and blastp, e-
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190 value cutoff of 1E-10) (Altschul, Gish, Miller, Myers, & Lipman, 1990) to genomes: Anolis 
191 carolinensis 2.0; Gallus gallus 5.0; and Homo sapiens GRCh38.p12 from ENSEMBL release 92 
192 (Zerbino et al., 2018). These transcriptomes and annotation files are provided as a Dryad Repository. 
193 Additionally, translated transcripts were checked for completeness using the BUSCO tetrapoda 
194 database (Simao, Waterhouse, Ioannidis, Kriventseva, & Zdobnov, 2015).
195
196 TransDecoder peptide files from both cleaned blood transcriptomes and the cleaned liver 
197 transcriptomes were passed to OrthoFinder (Emms & Kelly, 2015) for orthology inference using all-
198 vs-all blastp searches. To assign similarity-based protein identifications of resulting putative 
199 homologous proteins, we performed BLAST searches to the three genomes noted above.
200
201 Characterizing the Reptile Blood Transcriptome
202 We characterized the orthogroups that contained proteins from at least 4 of the 6 blood transcriptomes 
203 (regardless of presence/absence of liver transcripts) and defined this as the “Core Blood Gene Set” 
204 that represents what protein-coding genes could reliably be found expressed in most reptile blood 
205 transcriptomes. To characterize the amount of overlap between blood and liver transcriptomes or each 
206 of the three taxa that we had transcriptomes for both tissues, we identified orthogroups with 
207 representation in at least one blood and one liver transcriptome represented and we defined this as the 
208 “Common Gene Set”. Finally, we identified transcripts present in all nine transcriptomes and defined 
209 this as the “Conservative Gene Set”
210 To determine if functional candidate gene sets that are of interest to many aspects of molecular 
211 evolution and functional ecology could be assayed using blood, we used Diamond (e-value cutoff of 
212 1E-10) to search the nine (six blood + three liver) transcriptomes for proteins belonging to the 
213 following groups: (1) mitochondrial electron transport chain including mitochondrial and nuclear 
214 encoded proteins (69 genes); (2) response to stress (46 genes), which included many heat shock 
215 proteins and DNA repair enzymes; (3) oxidative stress, and antioxidant genes (51 genes); (4) insulin 
216 and insulin-like signaling pathway genes used in McGaugh et al. (2015b) (87 genes); and the 
217 corticosterone receptor (NR3C1) and mineralocorticoid receptor (NR3C2). The list of transcripts in 
218 these candidate gene groups are provided in Supplementary File 1.
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219 A fundamental job of the red blood cells is to carry oxygen; as such hemoglobin is expected to 
220 be highly upregulated in the blood transcriptomes, perhaps overwhelming the ability to quantify other 
221 transcripts. We mapped the cleaned blood RNA-seq data back to the respective reference 
222 transcriptomes using BWA (H. Li & Durbin, 2009) and counted reads mapped to centroids using 
223 SAMtools  (Heng Li et al., 2009). We used these data to calculate the proportion of reads that are 
224 from hemoglobin based on our Trinotate annotations. We also quantified the number of centroids that 
225 have read counts over 10 and centroids with 20 RPK, as these are typical minimum cutoffs for the 
226 possibility of detecting differential gene expression. 
227
228 Results
229 Sequencing and Transcriptome Assembly
230 Illumina sequencing resulted in 18.5 to 32.5 million PE reads per sample (Table 1; NCBI SRA 
231 database: SRP135786). These read sets were trimmed by 14% on average by Trimmomatic for low 
232 quality base calls. Raw trinity assemblies produced 89,861 – 119,886 transcripts and are provided as 
233 supplemental information. From these raw transcripts, TransDecoder identified on average 25,761 
234 proteins from the blood transcriptomes (Table 2). The reference blood transcriptomes produced 
235 between 27,228 and 33,140 transcripts that should more accurately represent the number of genes 
236 expressed and 22,728 to 27,608 proteins, in contrast to 22,166 to 33,385 transcripts and 21,979 to 
237 33,114 proteins in the liver clustered transcriptomes. 
238
239 Metagenomic Screen
240 Only 150 protein sequences on average were identified as non-vertebrate by our BLAST searches to 
241 NCBI’s nr database against the blood transcriptomes in contrast to an average of 401 for the liver 
242 transcriptomes, with a low of 70 in the C. picta blood transcriptome and a high of 1,019 in the T. 
243 elegans liver transcriptome. The majority of the total 2,103 non-vertebrate hits identified to bacteria 
244 (1,302) and arthropods (343). The proportion of these two groups varied slightly across all our 
245 transcriptomes with two exceptions - a much higher number of bacterial sequences detected in the T. 
246 elegans liver transcriptome (956 out of 1,019) and in the S. occidentalis blood transcriptome (137 out 
247 of 218) (Table 2). 
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248
249 Functional Annotation
250 Annotation of the raw transcriptomes with the Trinotate pipeline resulted in 47,167 transcripts 
251 annotated for C. constrictor, 38,066 for C. picta; 38,430 for E. multicarinata; 40,809 for P. catenifer; 
252 41,123 for S. occidentalis; 37,031 for T. elegans. On average, the proteins from the raw 
253 transcriptomes contained 1,393 complete BUSCOs of the 3,950 in the tetrapoda database (Table 2). 
254 We provide annotation files as Supplemental Information. Annotation of the cleaned and clustered 
255 reference transcriptomes with the Trinotate pipeline resulted in 29,552 transcripts annotated for C. 
256 constrictor; 25,824 for C. picta; 26,794 for E. multicarinata; 25,416 for P. catenifer; 25,604 for S. 
257 occidentalis; 24,348 for T. elegans.  In the proteins from the reference transcriptomes, we found on 
258 average 1,385 complete tetrapoda BUSCOs.
259
260 Characterizing the Reptile Blood Transcriptome
261 Orthofinder produced 57,439 total orthogroups. Of these, 5,091 were found in all nine transcriptomes 
262 (Conservative Gene Set); 9,282 grouped into the Core Blood Gene set (found in 4 of 6 blood 
263 transcriptomes, with or without liver sequences); 16,462 grouped into the Common Gene set 
264 (expressed in at least one blood and one liver); and 20,670 orthogroups were singletons such that they 
265 contained only one transcriptome (Figure 2). We summarize which genes were found in each 
266 reference transcriptome in Supplemental File 2 that can be searched using UniProt gene IDs or gene 
267 name.
268 We found a high percentage of our functional candidate gene sets represented in the blood 
269 transcriptomes, with small differences in the blood versus liver transcriptomes (Table 3; 
270 Supplementary File 1). The largest difference was in the insulin-like signaling genes with 92% found 
271 in the liver transcriptomes and only 77% found in the blood. Contributing to this, we found that the 
272 insulin-like growth factors (IGFs) hormones, insulin-like growth factor binding proteins (IGFBPs), 
273 FOXA1, and KLOT were consistently found in the liver transcriptomes, but not in the blood 
274 transcriptomes. Of the 69 genes contributing to the electron transport chain, only two 
275 mitochondrially-encoded transcripts were not found in blood or liver: cytochrome c oxidase subunit 
276 7C and NADH ubiquinone oxidoreductase subunit C1. Two additional mitochondrially-encoded 
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277 genes were found in only one of our nine transcriptomes: cytochrome c oxidase subunit 7B and 
278 cytochrome b-c1 complex subunit 6. In contrast, five nuclear-encoded electron transport chain genes 
279 (COX17, NDUB1, NDUB3, QCR10, and QCR9) had poor representation (1 or less) in the nine 
280 transcriptomes. For the stress response pathway, no genes had substantial differences in representation 
281 between blood and liver and only one gene, HSFY1, had poor representation. For oxidative stress, 
282 SODE was not found in any blood transcriptome, but was found in all liver transcriptomes. PERL and 
283 PERT were not found in any of our transcriptomes. Both glucocorticoid receptors were found in all 
284 blood and liver transcriptomes. 
285 Hemoglobin is upregulated in blood; we found 26-49% of the clean reads mapped to 
286 hemoglobin in the reference transcriptome (Table 1). However, we also found that in each sample at 
287 least 97% of non-hemoglobin transcripts had at least 10 reads, and at least 80% of non-hemoglobin 
288 transcripts were expressed at 20 reads per KB of the transcript (Table 1).
289
290 Discussion 
291 Our goal in this study was to determine the effectiveness and utility for molecular ecology of 
292 non-lethal blood sampling for transcriptomics in a group of non-mammalian vertebrates with 
293 nucleated red blood cells. In reptiles, the majority of blood cells in the hemocrit are erythrocytes (red 
294 blood cells). As demonstrated previously (Chiari & Galtier, 2011) and again here, these red blood cell 
295 are transcriptionally active. Using only 10 l of a red blood cell pellet, we produced reptile 
296 transcriptomes representing 25,761 proteins on average, with the majority of transcripts expressed at 
297 sufficient levels for differential gene expression. We found a high representation of select functional 
298 candidate gene sets relevant to molecular ecology, thus demonstrating the high potential for using 
299 non-mammalian blood transcriptomes for quantitative assessment of animals’ response to their 
300 environment.
301 Blood is a unique tissue that perfuses nearly every other tissue except for the brain. As such it 
302 has the potential advantage to be used as a sentinel tissue for the state of the body. We found that 
303 although the blood transcriptomes had fewer BUSCOs relative to the liver transcriptomes, they were 
304 similar in their number of predicted proteins produced. We interpret this to indicate similar levels of 
305 assembly completeness but BUSCOs being differentially expressed across the blood and liver tissues. 
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306 In some instances, the blood may be reflective of other tissues. The reptile blood and liver 
307 transcriptomes have a large overlap in the orthologous proteins being expressed (~9000); with 64% of 
308 orthogroups shared between our blood transcriptomes and previously published liver transcriptomes. 
309 Additionally, we have recently demonstrated with qPCR that gene expression of a panel of Heat 
310 Shock Proteins is responsive in the blood to multiple stressors and the patterns are reflective of 
311 expression in the liver (Telemeco, Simpson, Tylan, Langkilde, & Schwartz, 2019). Every tissue 
312 provides a different but valuable snapshot of what is happening within the individual. Additional 
313 studies are required to determine the extent of similarity in expression patterns among blood and other 
314 tissues and how the blood transcriptomes related to physiological and fitness consequences. 
315 Regardless of whether the blood can serve as a proxy for other tissues, our results indicate the blood 
316 can serve as an alternative non-lethal tissue that can also be assayed to provide valuable information 
317 about an individual’s response to their environment.
318 We also found that blood can be used to assay the expression of genetic networks that are of 
319 interest to many molecular ecologists. The majority of transcripts were expressed at sufficient depth 
320 that would allow for statistical quantitative gene expression. Furthermore, across all 253 genes in the 
321 functional candidate gene groups, 198 genes were found in the blood transcriptomes, in comparison to 
322 220 found in the liver transcriptomes. Only eight genes had consistent representation in one liver and 
323 zero representation in the blood. Both the nuclear and mitochondrial genes that encode proteins that 
324 function in the electron transport chain were expressed in the blood transcriptomes, further supporting 
325 active transcription of the mitochondrial genome and the potential for assaying mitochondrial function 
326 from red blood cells (Stier et al., 2013). Stress response and oxidative stress candidate gene groups, as 
327 well as the glucocorticoid receptors were expressed in the blood, indicating that blood cells are 
328 actively responding to environmental signals and protecting the integrity of their DNA and proteins. 
329 The largest difference between blood and liver was in the insulin and insulin-signaling (IIS) network, 
330 where four insulin-like growth factor-binding proteins (IGFBPs), the IGF1 and IGF2 hormones, one 
331 forkhead box, and klotho being transcribed in liver but not red blood cells. Since the IIS network 
332 hormones are known to be produced in many tissues, including the liver, muscle, and blood vessels 
333 (Adams, 2002; Delafontaine, Song, & Li, 2004; Ohlsson, Sjögren, Jansson, & Isaksson, 2000; 
334 Ungvari & Csiszar, 2012), it is interesting that they are not expressed in the blood. Intriguingly, the 
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335 receptors for the insulin and insulin-like signaling network (IGF1R and INSR), along with the 
336 intracellular signaling pathway, and the receptors for glucocorticoids are expressed in the blood 
337 transcriptomes, indicating the red blood cells would be able to bind to these hormones in circulation. 
338 The high expression of hemoglobin genes in non-mammalian erythrocytes has been a barrier 
339 to using RNAseq for transcriptomics, as hemoglobin removal was a standard recommended step in 
340 RNAseq library preparation to avoid wasting such a high percentage of reads (Krjutskov et al., 2016; 
341 Kukurba & Montgomery, 2015). In our six blood transcriptomes, hemoglobin mRNA represented 
342 (16-39%) of the cleaned reads, but we still had sufficient depth to assess a large number of other 
343 genes. In sequencing 20 million PE reads, we were able to detect >23,000 protein coding transcripts 
344 whose sequences could be used for assessing genetic variation, and 83% of these transcripts had 
345 sufficient read depth to be used for quantitative gene expression. For quantitative gene expression, 
346 deeper sequencing will provide for more accurate read counts of additional genes expressed at lower 
347 levels. Currently, hemoglobin-transcript removal is considerably expensive to add at the library 
348 preparation stage, whereas sequencing costs are continually getting cheaper. At $10/GB, this currently 
349 would equate to an additional $50 per sample to double the depth to 40 PE million reads. This makes 
350 it now relatively cheap and easy to sequence past the hemoglobin mRNAs to obtain additional data 
351 for quantitative gene expression for many genes. 
352 One potential concern with blood transcriptomes is the large number of potential parasites and 
353 disease organisms that would “contaminate” the target transcriptome. Here we investigated the 
354 likelihood of contaminant sequences in our assembled transcriptomes by identifying homologous 
355 sequences to non-vertebrates. Our search against NCBI’s non-redundant database found low amounts 
356 (average of 136 sequences) of contamination. The largest two non-vertebrate groups identified were 
357 bacteria and arthropods. However, this average does not include the T. elegans liver transcriptome, 
358 which contained 1,019 sequences that were non-vertebrate. Of these, 899 belonged to Escherichia 
359 coli. This could be due to the presence of bacterial contamination if the gut was injured during liver 
360 extraction. 
361 While we saw consistent patterns across these six reptile species demonstrating the utility of 
362 blood transcriptomes, this study has a number of limitations that should be considered. First, we only 
363 sequenced one individual of each species so we are limited in understanding within species variation. 
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364 Second, deeper sequencing may identify additional genes being expressed in the blood and using 
365 rRNA depletion instead of oligo-DT enrichment would allow for discovery of more non-coding 
366 RNAs. Lastly, it is important to remember that we sequenced a pool of cell types, largely dominated 
367 by erythrocytes but also likely a very small percentage of white blood cells. At the current depth of 
368 sequencing, the white blood cells’ transcripts are likely very minimally represented in our data. While 
369 a mixed pool of red and white could provide valuable information to the physiological/immunological 
370 state of the individual, future studies may want to separate the white blood cell types for more specific 
371 analyses. 
372 In conclusion, we demonstrated that across the major groups of reptiles a small blood sample 
373 can be used with standard protocols to measure a large number of transcriptionally active genes that 
374 include candidate functional pathways of interest to molecular ecologists. The excel file summarizing 
375 the genes found in each transcriptome can be a quick reference resource for researchers to determine 
376 if their gene or pathway of interest is likely to be expressed in reptile blood cells. While we report 
377 using 10 l in this study, we now routinely use 5 l of a RBC pellet that can be obtained from baby 
378 fence lizards and juvenile anole lizards (unpublished data). These very small blood samples provide a 
379 wealth of quantitative transcriptomic data and would allow for longitudinal sampling of very small 
380 animals. Since the blood circulates through all the other tissues, its transcriptional response could be a 
381 valuable indicator of an animal’s health status and general response to the environment, as well as 
382 laboratory treatments. Although this study focused on reptiles, these findings should apply to other 
383 non-mammalian vertebrates (namely, birds, amphibians, and fish) with nucleated red blood cells.
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392 1. Raw RNAseq data has been deposited in the NCBI SRA database: Accession SRP135786; 
393 SRR6841717: SRR6841722
394 2. Raw and Reference Trinity blood transcriptomes (.fasta files) for each of the six species will be 
395 available in Dryad: doi.org/10.5061/dryad.63xsj3tz8. These transcriptome were assembled with 
396 Trinity version 2.20. The species IDs correspond to Table 1.  
397 3. Raw and Reference Trinotate blood transcriptome annotation file for each species (.xlsx files) will 
398 be available in Dryad: doi.org/10.5061/dryad.63xsj3tz8
399 4. Supplemental File 1. Excel file of the Candidate Functional Pathway Genes and the transcripts 
400 IDs (from translated raw transcriptomes) from each species.
401 5. Supplemental File 2. Excel database containing gene names from the reference transcriptomes and 
402 their read abundance in each transcriptome. 
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Table 1. Description of the nine reptile transcriptomes used in this study, including the NCBI SRA Accession numbers, the percent of reads 






























SRR6841722 † 32,624,677 33,140 27.38% 97%; 85%
Pituophis 
catenifer





































SRR6841720 † 18,821,787 27,975 26.05% 97%; 80%





































SRR629640§ 35,802,423 28,378 0.19%
† This study. 
‡ Schwartz, T. S., and A. M. Bronikowski. 2013. Dissecting molecular stress networks: identifying nodes of divergence between life-history 
phenotypes. Molecular Ecology 22:739-756.
§ McGaugh, S. E., A. M. Bronikowski, C.-H. Kuo, D. M. Reding, E. A. Addis, L. E. Flagel, F. J. Janzen, and T. S. Schwartz. 2015. Data from:
Rapid molecular evolution across amniotes of the IIS/TOR network. Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.vn872. 
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Table 2. Summary of proteins identified from the transcriptomes, including the contamination screening results from Diamond searches 
to NCBI’s non-redundant protein database (non-vertebrate contamination), and the BUSCO results as the percent of the 3950 Tetrapoda 
BUSCO genes that were found complete in each transcriptome.












119,886 30,496 177 (0.58%) 30,319 2,224(56.3%)
Pituophis 
catenifer
96,078 26,910 159 (0.59%) 26,751 1,824(46.2%)
Thamnophis 
elegans
89,861 23,917 137 (0.57%) 23,780 1,714(43.4%)
Elgaria 
multicarinata
89,875 24,960 139 (0.56%) 24,821 1,694(42.9%)
Sceloporus 
occidentalis
103,503 23,685 218 (0.92%) 23,467 1,695(43.0%)
Blood 
Chrysemys 90,368 24,595 70 (0.28%) 24,525 1,513(38.3%)




33,114 32,267 1,019 (3.2%) 31,248 2,782(70.4%)
Elgaria 
multicarinata




28,378 28,224 91 (0.32%) 28,133 2,845(72.0%)
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Table 3. Representation of candidate gene groups in the blood and liver transcriptomes: genes in the Insulin and insulin-like signaling 
network (IIS); the Electron Transport Chain (ETC); that code for heat shock proteins and DNA repair enzymes (Stress); that are involved in 
oxidative stress and code for antioxidants (Oxidative).
Tissue Species IIS (87) ETC (69) Stress (46) Oxidative (51)
Coluber constrictor 70 (80%) 55 (80%) 40 (87%) 37 (73%)
Pituophis catenifer 65 (75%) 55 (80%) 40 (87%) 36 (71%)
Thamnophis elegans 66 (76%) 56 (81%) 39 (85%) 37 (73%)
Elgaria multicarinata 68 (78%) 55 (80%) 37 (80%) 37 (73%)
Sceloporus occidentalis 67 (77%) 57 (83%) 41 (89%) 35 (69%)
Blood 
Chrysemys picta 67 (77%) 54 (78%) 38 (83%) 36 (71%)
BLOOD AVERAGE 67 (77%) 55 (80%) 39 (85%) 36 (71%)
Thamnophis elegans 84 (97%) 53 (77%) 43 (93%) 44 (86%)
Elgaria multicarinata 75 (86%) 53 (77%) 42 (91%) 40 (78%)Liver 
Sceloporus undulatus 82 (94%) 54 (78%) 45 (98%) 44 (86%)
LIVER AVERAGE 80 (92%) 53 (77%) 43 (93%) 43 (84%)




































































Figure 1. Flow diagram of sequencing and bioinformatic analyses conducted. Colored blocks are resources available on Dryad. The bolded 
boxes are resources provided as supplemental excel files.
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518 Figure 2. Venn Diagrams illustrating overlap among the predicted proteins from the transcriptomes. The left image shows the overlap in 
519 the predicted proteins from the blood transcriptomes among six reptiles. The center has the number of CORE blood orthogroups 
520 (orthogroups that contain sequences from at least four of the six species). The inner six numbers represent each species’ representation 
521 in the CORE blood orthogroups, and the outer six numbers represent the number of orthogroups containing only sequences from that 
522 species. The right image illustrates the overlap in orthogroups between blood (red) and liver (purple) transcriptomes for the species 
523 (Thamnophis elegans and Elgaria multicarinata) or genera (Sceloporus) that we had transcriptomes for both tissues. In the center overlap 
524 is the number of orthogroups that contained both blood and liver while the edges represent the number of orthogroups that contained 
525 either the blood or the liver. 
526
527
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